. Hexadecane and the solution of trichlorosilane in hexadecane [0.5 weight-to-volume percent (w/v %)] were pumped into channels by two syringe pumps (Harvard Apparatus PHD 2000 Programmable). Syringes were connected to pipette tips fixed to channels by silicone tubing (Helix Medical, 0.040Љ ID/ 0.085Љ OD). Because the reactivity of trichlorosilanes is high, solvent was always introduced into the channel before the silane solution to eliminate the formation of SAMs in unwanted areas. At the end of the process, flow of the silane solution was always halted before stopping the flow of pure solvent. The flow rates of solvent and solution were usually the same, either 1 or 2 ml/min; the flow time was 2 to 3 min. The channels were cleaned by sequentially flushing with 10 ml of hexane and 10 ml of methanol followed by drying with a stream of clean air or nitrogen. 27 . A pipette tip with inner diameters of 8 mm at the bottom and 6 mm at the top was fixed onto the channels. The maximum pressure that virtual walls can withstand was determined by gradually adding deionized water into the pipette and then measuring water height when a bulge developed. 28. The surface free energy of Rhodamine B dilute solution is lower than that of deionized water, resulting in a lower maximum pressure. 29 Large particles containing nitric acid (HNO 3 ) were observed in the 1999/2000 Arctic winter stratosphere. These in situ observations were made over a large altitude range (16 to 21 kilometers) and horizontal extent (1800 kilometers) on several airborne sampling flights during a period of several weeks. With diameters of 10 to 20 micrometers, these sedimenting particles have significant potential to denitrify the lower stratosphere. A microphysical model of nitric acid trihydrate particles is able to simulate the growth and sedimentation of these large sizes in the lower stratosphere, but the nucleation process is not yet known. Accurate modeling of the formation of these large particles is essential for understanding Arctic denitrification and predicting future Arctic ozone abundances.
Polar stratospheric cloud (PSC) particles play a well-recognized role in the chemical loss of stratospheric ozone over the Antarctic and Arctic regions in winter/early spring (1-3).
PSCs are formed at low temperatures (Ͻ200 K), characteristic of the winter stratosphere, through the co-condensation of water and HNO 3 . Heterogeneous reactions on PSC particles produce active chlorine species. The sedimentation of PSC particles irreversibly removes HNO 3 (denitrification) and water (dehydration) from the lower stratosphere. Denitrification slows the return of chlorine to its inactive forms and, hence, enhances ozone destruction in a winter/spring season (4 -6) . Evidence of denitrification is abundant in both polar stratospheres from both in situ and remote observations (2, (7) (8) (9) (10) (11) . Denitrification is most intense over the Antarctic region, where large fractions of available NO y are irreversibly removed from the stratosphere each winter. NO y is the sum of principal reactive nitrogen species, of which HNO 3 , NO, NO 2 , N 2 O 5 , and ClONO 2 are important in the lower stratosphere (12) . In principle, denitrification must involve the sedimentation of large HNO 3 -containing particles (13, 14) , but important details of the process have not been confirmed by observation or fully described theoretically. The concentration of denitrifying particles must generally be much less than that of the background liquid sulfate aerosols (0.1-m diameter). Too little condensable material (HNO 3 , H 2 O) exists in the stratosphere to allow all particles to grow simultaneously to sizes sufficient for rapid sedimentation, particularly when ice does not form.
Here we report observations in the Arctic winter stratosphere of a newly identified class of large HNO 3 -containing particles. The particles were observed between January and March 2000 with three instruments on board the NASA ER-2 high-altitude aircraft as it flew in the lower stratosphere inside the Arctic vortex ( Fig. 1) (15, 16) . Two instruments measured NO y and HNO 3 , respectively, in both the gas phase and in aerosols, and one measured the size and number concentration of individual particles. The presentation here is based primarily on the NO y instrument, which has two independent measurement channels in order to distinguish sizes greater and less than ϳ2 m in diameter ("front" and "rear" NO y data, respectively) (Fig. 2) .
The most extensive population of large particles was observed at aircraft cruise altitudes (16 to 21 km) on 20 January 2000 during a flight between Kiruna, Sweden, and the North Pole ( Figs. 1 and 2 ). Isolated peaks in the front NO y data (Fig. 2C) at the beginning and end of the flight represent the sampling of individual HNO 3 -containing particles. Throughout most of the flight, however, the front NO y data show a continuous series of peaks (Fig. 2D ) due to the sampling of a larger number concentration of particles. The mass-equivalent sphere diameter associated with an individual particle peak can be calculated if typical PSC particle compositions are assumed (17). The most likely solid phases to form below 200 K are nitric acid trihydrate (HNO 3 ⅐3H 2 O) (NAT) and nitric acid dihydrate (HNO 3 ⅐2H 2 O) (NAD) (3, 18, 19 14 Department of Engineering, University of Denver, Denver, CO 80208, USA. 15 Institute of Environmental Physics, University of Bremen, D-28334 Bremen, Germany.
*To whom correspondence should be addressed. Email: fahey@al.noaa.gov . The two NO y measurements are made with inlets located front and rear, respectively, on a particle separator attached to the aircraft fuselage (12, 43) . Air entering the front NO y inlet contains particles of all sizes present, whereas air entering the rear NO y inlet is inertially stripped of particles with diameters greater than ϳ2 m. The separator does not affect the sampling of gasphase species. Sampled particles are heated to 40°C along with sampled air, ensuring the release of condensed HNO 3 (and H 2 O). Released HNO 3 is measured together with gas-phase HNO 3 through catalytic conversion to NO, which is subsequently detected by NO/O 3 chemiluminescence (12).
particles contribute substantially to denitrification in the lower stratosphere? Third, how do these particles form in the lower stratosphere? To address the first question, we used a statistical simulation to determine the size and number concentration of particles sampled in interval 2 (Fig. 2) . This 800-s interval was chosen because the average NO y signal due to particles is large (21 ppbv) and has a relatively constant standard deviation. This suggests that the size distribution is also relatively invariant over this interval. The largeparticle NO y signal is defined as the difference between the front and rear NO y values and thus only includes NO y associated with particles larger than 2 m (Fig. 2) . The statistical simulation accounts for the sampling of more than one particle in any 1-s sampling period and for the spreading of HNO 3 from an individual particle over more than a single 1-s period (20) . The NO y time series was simulated by sampling a randomly distributed population of NAT particles along a notional flight track (Fig. 3) . The number concentrations in each size interval are the adjustable parameters. The representativeness of the size distribution was determined by comparing the occurrence histogram of NO y difference values with that from the simulated time series (Fig. 3) . The best-fit size distribution was found by iteratively adjusting the distribution to minimize the difference histogram (Fig. 3B) .
Two particle size modes, shown in Fig. 4 , are required in our analysis to reproduce the occurrence histogram of interval 2. The larger mode has a mean diameter of 14.5 m and a total number concentration of 2.3 ϫ 10 Ϫ4 cm Ϫ3 . This mode produces most of the NO y values above 10 ppbv in Fig. 3 . The smaller mode at 3.5 m has a number concentration of ϳ2 ϫ 10 Ϫ3 cm Ϫ3 and is well separated from the larger mode by size bins with fewer particles. For these concentrations, a large particle is sampled by the front inlet approximately every 1.8 s, and a small particle is sampled every 0.2 s on average. The HNO 3 mass contained in the large mode is equivalent to an ambient gas-phase value of 1.5 ppbv along the flight track (Fig. 4B) . The mass of the more numerous smaller mode is ϳ0.2 ppbv. Because the simulation is of the difference between the two NO y measurements, the small mode in Fig. 4 represents only the largest sizes in one or more particle modes present in the atmosphere below a diameter of 5 m (16). With lower fall speeds, these smaller modes form separately from the large-particle mode and nearer to the sampling altitude, and may include particles composed of STS.
To answer the second question, whether these particles contribute substantially to stratospheric denitrification, we note that the existence of large HNO 3 -containing particles means that denitrification has already occurred because particles sediment during the growth process. An instantaneous sedimentation flux of HNO 3 can be calculated for the simulated size distribution by convolving the fall speed and NO y content for each particle size in 1-m size intervals (Fig. 4C) . The fall speed of a 14-m spherical particle is ϳ1.5 km day Ϫ1 at 18 to 19 km (21). The HNO 3 flux for interval 2 is 5 ϫ 10 9 molecules cm Ϫ3 km day Ϫ1 (2.6 ppbv km day Ϫ1 ) at flight altitudes. The flux values for many other flight intervals on 20 January are similar on the basis of average NO y difference values and occurrence histograms for these intervals. Thus, some denitrification must have occurred above flight altitudes in the vortex before 20 January in order to produce the large particles observed on that day in many widely distributed air parcels. The denitrifi- ], where D is the particle diameter in m (Fig. 4) . Gaussian functions are chosen for convenience to represent particle populations at large and small sizes. Lognormal distributions could also be used. The simulated time series is produced by superimposing the released HNO 3 from all particle sizes and averaging it to 1-s intervals to match the sampling period of the NO y instrument. The differences between the simulated and observed histograms are shown in (B). The differences are very sensitive to the features of the large mode. For example, shifting the large mode by Ϯ2 m would produce significantly larger differences in (B) than shown. The small-size mode in Fig. 4 is required to match the histogram peak below 10 ppbv. The exact number and size of these smaller particles is more uncertain than for the larger particles. The small mode represents only a subset of particles present in the atmosphere below a 5-m diameter. The histogram comparison is not sensitive to the presence of additional particles with sizes between the two size modes and with concentrations Ͻ10
Ϫ5 particles cm
.
Fig. 4.
Results from the statistical simulation of NO y values in interval 2 on 20 January. Panels show (A) the adjusted best-fit size distribution and number concentration, (B) the equivalent gas-phase mixing ratio of HNO 3 derived from the distribution, and (C) the derived flux of HNO 3 at 60 hPa (ϳ19.5 km). The size distribution is given by the Gaussian functions in the caption of Fig. 3 adjusted to account for sizedependent sampling efficiency. The adjustments, which are in addition to a basic particle enhancement factor of 12.8 (12) , vary from ϩ30 to -10% over the size range and are, calculated with a fluid dynamical model of the particle separator. The concentration integral of the large (small) mode is 2.3 ϫ 10 Ϫ4 cm
Ϫ3
(2 ϫ 10 Ϫ3 cm Ϫ3 ), with an estimated uncertainty of Ϯ30%. The lower limit of the vertical axis in (A) corresponds to the detection of a single particle over the 800-s observation period. The total gas-phase HNO 3 of the large (small) mode is 1.5 ppbv (0.2 ppbv). The HNO 3 flux of the combined distribution is 5 ϫ 10 9 molecules cm Ϫ3 km day Ϫ1 or 2.2 ppbv km day Ϫ1 at 60 hPa.
cation of the Arctic vortex in a given winter depends on the spatial and temporal extent of sedimenting particle populations. If a flux value of 2.6 ppbv km day Ϫ1 were to be sustained for a period of only days near 20 km in a column model, a significant fraction (ϳ50%) of available HNO 3 above 20 km would be removed.
Between 20 January and 7 March, large HNO 3 -containing particles were present in six additional sampling flights inside the Arctic vortex. The number and spatial extent of particles observed on these later flights were significantly less than those observed on 20 January. As the stratosphere warmed above NAT saturation temperatures by mid-March, large particles no longer appeared in the NO y data. On these later flights, two sampling periods contained particle populations that were notably different from those observed on 20 January. Both periods occurred at altitudes between 15 and 16 km. On 31 January, a 10-s burst of large particles was sampled with an average NO y difference value many times that of interval 2. With diameters estimated to be near 20 m, the instantaneous HNO 3 flux far exceeds that found in interval 2. From the 3 February flight, the analysis of an 800-s interval shows a population of primarily 12-m-diameter particles with concentrations near 10 Ϫ3 cm Ϫ3 and an estimated flux comparable to that of interval 2.
Denitrification was widespread in the 1999/2000 Arctic winter, as estimated with the rear NO y measurements and the NO y -N 2 O correlation as a reference (7, 22) . Denitrification exceeded 50% in many sampled air parcels in the 16-to 21-km cruise altitude range throughout the vortex in the January to March period, including most of the 20 January flight. Widespread denitrification was also found in satellite observations (23) . The unusually low stratospheric temperatures in this Arctic winter, beginning in December, increased the likelihood of PSC formation and vortex denitrification (24 ) . The different largeparticle populations described here all contributed to vortex denitrification through their formation and sedimentation. It is likely, given the low winter temperatures, that similar populations present before 20 January further contributed to observed denitrification.
In answer to the third question, as to how these large particles form in the lower stratosphere, we note that NAT particles above 10 m in diameter found between 16 and 21 km must begin their growth and sedimentation at substantially higher altitudes. The altitude displacement is a function of growth rate and sedimentation velocity. To demonstrate how the large particle sizes in Fig. 4 evolved after nucleation, we calculated sedimentation trajectories backward in time for particles observed in interval 2 (Fig. 5) . Growing particles are advected by atmospheric winds and, hence, will be transported horizontally and vertically while they gravitationally sediment. The trajectory calculations take into account air parcel advection simultaneously with particle growth and sedimentation. The time evolution of particle size, pressure altitude, temperature, and NAT supersaturation ratio for particle sizes between 6 and 18 m in diameter shows several important features (Fig. 5) . First, the trajectories for all sizes terminate (reach zero size) in NAT-supersaturated air, indicating that the observed sizes are consistent with atmospheric and microphysical constraints of the trajectory model. Air masses encountered by particles must have temperatures that cause NAT supersaturation (short times at higher temperatures can be survived if particles are large enough). Second, growth of the largest particle requires 6 days and an ϳ6-km vertical displacement at temperatures below NAT saturation values. Third, the trajectories terminate at different altitudes, temperatures, and NAT supersaturation values. The horizontal locations of the termination points also vary (25) . These preliminary results suggest that there are no obvious preferred locations or saturation conditions for nucleating the NAT particles observed in interval 2. The accumulation of HNO 3 in large particles in interval 2 causes some denitrification over the range of terminal altitudes. Finally, the trajectory temperatures at the start of particle growth (188 to 194 K) are above ice saturation by a few degrees. However, given the uncertainty in the meteorological analyses and atmospheric variability, ice saturation could have occurred along or near the trajectories and possibly played a role in particle nucleation. Particle trajectories also were calculated forward in time for interval 2. The results show that a 20-m particle would continue to grow for another day, reach a maximum diameter of 22 m at 150 hPa, and then evaporate (causing nitrification) within a few hours. Many instances of nitrification (NO y in excess of the reference value) were observed in the vortex on the ER-2 flights.
Isolated particles sampled in interval 1 were significantly smaller than the mean size found in interval 2 (Fig. 2) . The results of a similar particle trajectory analysis for interval 1 are consistent with the observed maximum size of ϳ13 m in diameter. Although the trajectory analysis can account for such differences in size between different locations, it Trajectories simultaneously account for sedimentation, growth, and advection of a particle backward in time from interval 2. Trajectories for various particle sizes between 6 and 18 m in diameter at day 0 are shown with colored lines and labeled by diameter. The results for (A) size, (B) pressure, (C) temperature, and (D) HNO 3 supersaturation ratio with respect to NAT (S NAT ) at the particle location are shown versus time (in days). The trajectories terminate where the particle diameter reaches zero. The trajectories were calculated by superimposing the particle vertical displacements due to sedimentation onto isentropic trajectories calculated with analyzed winds from the European Centre for Medium-Range Weather Forecasts. An H 2 O mixing ratio of 5 ppmv and an HNO 3 mixing ratio of 7 ppbv were assumed, the latter being consistent with remote sounding observations (7 to 9 ppbv averaged above ER-2 altitudes) in mid-January 2000 (26) . Temperatures remain above ice saturation for all particles. Particles with diameters greater than ϳ18 m (or 20 m at 9 ppbv HNO 3 ) had diameters greater than zero at the point where their trajectories exceeded the NAT equilibrium temperature and, thus, could not be present in interval 2 if growth began at the zero-size limit.
cannot account for differences in observed particle number concentrations. Concentrations depend on the spatial and temporal variation of the particle nucleation process throughout the low-temperature regions of the vortex.
The sensitivity of large-particle formation to available HNO 3 and temperatures near ice saturation was examined with a one-dimensional model of aerosol growth and sedimentation (Fig. 6) (20) . The results show that the maximum NAT particle size that could be found at ER-2 cruise altitudes (50 to 70 hPa) is near 20 m in diameter for average HNO 3 values observed above ER-2 altitudes in midJanuary (7 to 9 ppbv) (26) . This maximum size is consistent with the NO y observations (Fig. 4) . At ER-2 sampling altitudes, a 25% reduction in available HNO 3 causes a 10% reduction in particle size (20 to 18 m). Similarly, a 2 K increase in temperature reduces the particle diameter by Ͻ10%. Particle sizes Ͼ22 m can only be produced with a uniform abundance of Ͼ10 ppbv HNO 3 above the aircraft, which is greater than that observed in January to March 2000. These and larger particles were therefore unlikely to be found at or above a 60-hPa pressure altitude (ϳ19 km).
The particle growth model results show that denitrification by large particles is mostly controlled by the kinetics of HNO 3 vapor deposition onto particles at conditions away from thermodynamic equilibrium of the NAT condensed phase. This is a result of the low number concentrations of particles and their large fall speeds. The assumption that NAT particles are in equilibrium, as used in various ways in most current atmospheric model simulations of denitrification, will lead to incorrect simulations of denitrification. Thus, the observations and analysis presented here suggest a need for fundamental changes in the vortex-scale modeling of denitrification. Representative modeling of denitrification will require accounting for particle growth along sedimentation trajectories, thereby convolving the temporal and spatial coordinates of the winter vortex in a detailed way.
Critically lacking for representative modeling of denitrification is an identified and verified nucleation process for this newly identified class of large particles. If nucleation involves preexisting particles, the process must effect a high selectivity because background aerosol number concentrations are near 10 cm Ϫ3 in the lower stratosphere (D Ͼ 0.008 m) (27, 28) , whereas the computed large-particle concentration in interval 2 is near 10 Ϫ4 cm
. Selectivity is the key to the growth of the large-particle population observed here and their denitrification potential. If all available background particles grew and took up typical stratospheric HNO 3 amounts as NAT (or NAD), the average particle diameter would be Ͻ1 m, and the sedimentation speed of individual particles would be Ͻ0.1 km day Ϫ1 (13) . This speed is not adequate to explain significant denitrification as observed in both polar regions (13, 14, 29) . Selectivity could be the consequence of (i) a very low freezing rate of background particles to form NAT (or NAD) at temperatures below ϳ197 K (30, 31) , (ii) the unique composition of a few nuclei (32, 33) , or (iii) ice formation (10, 13, 34) possibly involving lee-wave clouds (10) .
Antarctic satellite observations show that denitrification occurs before dehydration as temperatures decrease in early winter (29, 35) . The temporal separation of the HNO 3 and water removal processes could result if the large particles reported here also form in the Antarctic stratosphere before the onset of ice saturation temperatures. The more extensive low temperatures in the Antarctic suggest that large particles are formed there every winter, whereas their formation in the Arctic may not occur each year. Before the 1999/2000 Arctic observations, dilute populations of large particles in either vortex may have eluded detection because suitable instruments did not sample the vortices at the appropriate times and places.
By the end of March 2000, large ozone losses (up to 70% near 20 km) had occurred in the lower stratosphere throughout the Arctic vortex (23, 36) . The significant level of denitrification observed throughout the vortex is expected to have enhanced the chemical loss (36) . Arctic ozone abundances will remain vulnerable to increased winter/spring loss in the coming decades as anthropogenic chlorine compounds are gradually removed from the atmosphere, particularly if rising concentrations of greenhouse gases induce cooling in the polar vortex (37) and trends of increasing water vapor continue in the lower stratosphere (38) . Both effects increase the extent of PSC formation and, thereby, denitrification and the lifetime of active chlorine (29) . The role of large particles in effecting denitrification in these future scenarios is likely quite important. Substantial and widespread denitrification could possibly sustain chemical ozone loss in the Arctic even as total chlorine levels fall below 2 ppbv by 2070 (10) . In this case, recovery of Arctic ozone would be delayed until chlorine levels decline further. Models of denitrification that accurately represent the formation of large particles will be required for accurate predictions and understanding of future ozone levels in the variable Arctic vortex. Fig. 6 . Growth calculation results for maximum NAT particle diameter as a function of sampling pressure, HNO 3 mixing ratio, and temperature (20) . Particles are assumed to grow and sediment in a one-dimensional atmospheric model defined by a constant temperature of 188 or 190 K, an H 2 O mixing ratio of 5 ppmv, and a given HNO 3 mixing ratio (horizontal axis). Particle growth occurs wherever NAT supersaturation conditions exist and, hence, begins at pressures between 13 and 23 hPa (25) for the highest and lowest HNO 3 mixing ratios, respectively, and extends down to the highest pressure shown (150 hPa). The solid curves indicate the constant HNO 3 mixing ratio and temperature values in the model that will produce the indicated particle diameter at a given pressure level (vertical axis). The horizontal dashed line is the ER-2 pressure level for sampling interval 2 in Fig. 2 . NAD particles grow more slowly than NAT particles for the same HNO 3 partial pressure and, hence, would grow to smaller sizes (ϳ20% less) for the same atmospheric conditions. the CIMS, air was sampled with an inlet specially designed to separate gas-and particle-phase HNO 3 by using a modified virtual impactor technique. During most flights, gas and particle phases were sampled alternately for periods of ϳ3 min each. The CIMS data confirm the NO y component of the large particles as HNO 3 on 20 January and provide size and number concentration evidence consistent with the NO y observations. With the MASP probe, the distribution of particles was measured for sizes from 0.3 to 22 m in diameter on 20 January. The probe data confirm the presence of many small PSC particles between 0.3 and 2 m and a few larger particles up to 20 m in diameter. The probe data for the size and number of the larger particles are nominally consistent with the results in Fig. 4 , although the statistical uncertainty is high because of low count rates. The number of particles in the size range of the small simulation mode in Fig. 4 is also nominally consistent with the probe data. 17. No direct measurements of particle shape are available. However, particles composed of solid HNO 3 hydrates are generally assumed to be nonspherical, even at sizes of Ͻ5 m, because of lidar depolarization measurements [e.g., (40) ]. Although modest corrections to fall speed and sampling efficiency calculations may ultimately be warranted because of nonspherical shapes, the assumption of sphericity is adopted here throughout for simplicity.
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The Indian Ocean Experiment (INDOEX) was an international, multiplatform field campaign to measure long-range transport of air pollution from South and Southeast Asia toward the Indian Ocean during the dry monsoon season in January to March 1999. Surprisingly high pollution levels were observed over the entire northern Indian Ocean toward the Intertropical Convergence Zone at about 6°S. We show that agricultural burning and especially biofuel use enhance carbon monoxide concentrations. Fossil fuel combustion and biomass burning cause a high aerosol loading. The growing pollution in this region gives rise to extensive air quality degradation with local, regional, and global implications, including a reduction of the oxidizing power of the atmosphere.
Until recently, North America and Europe dominated the use of fossil fuels, resulting in strong carbon dioxide emissions and global warming (1). The fossil energy-related CO 2 release per capita in Asia is nearly an order of magnitude smaller than in North America and Europe (2) . However, Asia is catching up. About half of the world's population lives in South and East Asia, and hence the potential for growing pollutant emissions is large. In China, many pollution sources reduce air quality (3) (4) (5) . In rural residential areas, notably in India, the burning of biofuels, such as wood, dung, and agricultural waste, is a major source of pollutants (6) . In urban areas, the increasing energy demand for industry and transport propels fossil fuel utilization (7).
Here we evaluate measurements of the Indian Ocean Experiment (INDOEX) to characterize the atmospheric chemical composition of the outflow from South and Southeast Asia, from January to March 1999 during the dry winter monsoon (8) . During this season, the northeasterly winds are persistent, and convection over the continental source regions is suppressed by large-scale subsidence, thus limiting upward dispersion of pollution (9) . Our analysis is based on measurements from a C-130 and a Citation aircraft operated from the Maldives near 5°N, 73°E, the research vessels Ronald H. Brown and Sagar Kanya, and the Kaashidhoo Climate Observatory (KCO) on the Maldives (Fig. 1) . During the campaign, the location of the Intertropical Convergence Zone (ITCZ) varied between the equator and 12°S. Hence, transport of primary pollutants and reaction products toward the ITCZ could be studied over an extended ocean area where pollutant emissions are otherwise minor. By performing measurements across the ITCZ, the polluted air masses could be contrasted against comparatively clean air over the southern Indian Ocean. Furthermore, we used the measurements to evaluate the numerical representation of these processes in a chemistry general circulation model (GCM) (10) . The model was subsequently applied to calculate the large-scale atmospheric chemical effects of the measured pollution.
Aerosol chemical and optical measurements were performed from both aircraft, the R/ V Brown, and KCO. The latter is located
